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de Lyon (CRCL), Univ. de Lyon, INSERM, CNRS, Lyon, France, 5 Institut des Biomolécules Max-Mousseron

(IBMM), CNRS, Univ. Montpellier, ENSCM, Montpellier, France

* Laurent.Chaloin@irim.cnrs.fr

Abstract

The ecto-5’-nucleotidase CD73 plays an important role in the production of immune-sup-

pressive adenosine in tumor micro-environment, and has become a validated drug target in

oncology. Indeed, the anticancer immune response involves extracellular ATP to block cell

proliferation through T-cell activation. However, in the tumor micro-environment, two extra-

cellular membrane-bound enzymes (CD39 and CD73) are overexpressed and hydrolyze

efficiently ATP into AMP then further into immune-suppressive adenosine. To circumvent

the impact of CD73-generated adenosine, we applied an original bioinformatics approach to

identify new allosteric inhibitors targeting the dimerization interface of CD73, which should

impair the large dynamic motions required for its enzymatic function. Several hit compounds

issued from virtual screening campaigns showed a potent inhibition of recombinant CD73

with inhibition constants in the low micromolar range and exhibited a non-competitive inhibi-

tion mode. The structure-activity relationships studies indicated that several amino acid resi-

dues (D366, H456, K471, Y484 and E543 for polar interactions and G453-454, I455, H456,

L475, V542 and G544 for hydrophobic contacts) located at the dimerization interface are

involved in the tight binding of hit compounds and likely contributed for their inhibitory activ-

ity. Overall, the gathered information will guide the upcoming lead optimization phase that

may lead to potent and selective CD73 inhibitors, able to restore the anticancer immune

response.

Author summary

Nucleotidases play a central role in maintaining the nucleotide pool homeostasis and the

only extracellular member of this family, CD73, has become an attractive target in oncol-

ogy because of its high expression level on immune and cancer cells. In the tumor micro-

environment, CD73-generated adenosine prevents the pro-inflammatory response and is
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considered as a potent immune suppressor. The current study aimed at developing new

CD73 inhibitors by targeting an allosteric binding site in order to block the enzyme

dynamics and therefore its enzymatic function. Most of the existing inhibitors have been

elaborated on the basis of the substrate skeleton and act as competitive inhibitors. Here,

four non-competitive compounds are presented with an inhibition constant in the low

micromolar range. This study confirms the existence of an allosteric binding site located

at the dimerization interface allowing modulation of the enzyme activity by small mole-

cules, similarly to a previously described monoclonal antibody.

Introduction

The immune response constitutes a major barrier for preventing cancer progression through

the activation of T cells and subsequent release of pro-inflammatory cytokines. This process is

initiated and tightly regulated by extracellular ATP which impacts a large variety of cells (T

and B lymphocytes, NK, macrophages, DC, neutrophils and vascular endothelial cells) through

the binding to P2X and P2Y receptors, inducing persistent inflammation and regulatory cell

inhibition [1–3]. In healthy tissues, the extracellular ATP concentration is very low and esti-

mated between 10 and 100 nM whereas in solid tumors, ATP is abundantly released in particu-

lar by dying cells, and through secretion, and its concentration can reach a few hundreds of

micromolar [4]. In the tumor microenvironment, ATP usually acts as an alarm signal allowing

the recruitment of immune cells and contributing to the immunogenic cell death process.

However, when high ATP concentrations are associated with a high expression level of CD39

and CD73 on both immune and cancer cells, ATP is rapidly and successively degraded into

AMP and then adenosine by the concerted activities of these two ectonucleotidases [5]. As a

consequence, an abnormal adenosine concentration is produced in the tumor microenviron-

ment and induces a potent suppression of the antitumor immune response through the adeno-

sine binding to P1 receptors (mainly A2a and A2b) expressed on immune cells [6–9].

Ecto-5’-nucleotidase, or CD73 (EC 3.1.3.5), is a glycosylphosphatidylinositol (GPI)

anchored cell surface protein that is expressed as a non-covalently linked homodimer on endo-

thelial, immune and tumor cells. CD73 also exists as a soluble and circulating form with simi-

lar enzymatic activity to its membrane-attached form. Intriguingly, this soluble form was also

found in cell and organ crude extracts probably generated by a phospholipase activity on the

GPI-anchored precursor. However, the precise role of this intracellular form is not fully under-

stood in particular because of the high intracellular ATP concentration making the enzyme

inactive [10]. In human peripheral blood, CD73 is expressed on most of B lymphocytes, T cells

including Th17, NK and myeloid-derived suppressor cells [3]. These cells can also co-express

CD39 and CD73 [11]. In the tumor microenvironment in which hypoxia is predominant,

CD73 has been shown to be overexpressed in various types of solid tumors as well as endothe-

lial cells [12]. This encompasses several cancers such as colorectal, breast, bladder, pancreas,

ovarian, leukemia and melanoma, as recently reviewed in [13], and is generally associated with

poor prognosis in patients receiving anticancer treatments [14]. Few exceptions have been

described pointing out CD73 as good prognosis marker as for the clinical study of endometrial

and breast carcinomas [15,16]. This discrepancy between opposed roles of CD73 may be due

to specific changes in endometrial cancers (endometrial epithelial barrier integrity) or may be

a consequence of predominant presence of the soluble form of CD73 (sCD73). Indeed, higher

plasma concentrations of sCD73 were determined in cancer patients or patients suffering of

acute inflammatory pancreatitis compared to healthy individuals [17,18]. These studies suggest
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that the upregulation of sCD73 levels in blood may be a prognosis marker of tissue inflamma-

tion and tumor hypoxia. Moreover, CD73 overexpression has been shown to promote cell pro-

liferation, migration, invasion and attachment to the extracellular matrix in human breast

cancer [19,20] through the action of adenosine binding to A1 and A3 receptors [21]. CD73

deficiency was also studied in mice and correlated with resistance to in vivo development of

carcinoma [22] or with antitumor immunity improvement [23]. The role of CD73-produced

adenosine in cancer progression and metastasis has been evidenced by the use of either mono-

clonal antibodies [24] or siRNA [25] blocking CD73 enzyme activity. As a consequence, the

immune response through ATP purinergic signaling could be restored. For all these reasons,

CD73 has been considered as a promising therapeutic target to develop new anticancer thera-

pies. The first described CD73 inhibitors were ADP, ATP and adenosine 5’-[α,β-methylene]

diphosphate (a non-hydrolysable ADP analog named APCP), all acting as competitive inhibi-

tors [10]. Subsequently, small molecule inhibitors derived from APCP have been recently

designed and studied showing potent competitive inhibition of CD73 [26]. However, competi-

tive inhibitors, especially those targeting kinases, present several drawbacks such as low selec-

tivity profiles [27,28] or weak efficiency when competing with high substrate concentrations.

In order to overcome this problem, an alternative approach consists in the development of

non-competitive or allosteric inhibitors interacting with the target outside the substrate bind-

ing site. As an evidence that occurred likely by chance, a new monoclonal antibody developed

by MedImmune (MEDI9447), was shown to inhibit CD73 enzymatic activity through such a

dual mechanism [29] involving a non-competitive inhibition. Although this approach was

quite different in regard to small drug molecules, it demonstrates the proof of feasibility con-

sisting in blocking the enzyme conformation and leading to CD73 inhibition. Interestingly,

MEDI9447 did not compete with AMP and the antibody was able to prevent the conforma-

tional transition required for forming the enzyme active site. As illustrated by the crystal struc-

tures of this enzyme solved in the open and in the closed conformations [30,31], large

dynamics domain motions are obviously required to form the closed active conformation (for

both monomers). The di-metallic center is present in the N-domain while the adenosine moi-

ety of the substrate binds to the C-domain and AMP hydrolysis will occur only after a large clo-

sure motion mediated by a rotation of the N-domain of up to 114˚ [30]. The objective of the

current study was to reproduce the dynamics of the enzyme in order to identify druggable cav-

ities and small molecule inhibitors able to block the dynamics and thereby the associated enzy-

matic function.

To achieve this objective, we describe a bioinformatics approach that allowed the identifica-

tion of new allosteric inhibitors (designated hereafter as “RR” compounds) targeting human

CD73 and able to block efficiently its enzymatic function in the low micromolar range through

a non-competitive inhibition mechanism. This is the first stage of a future drug development

process and the selected lead compounds will require further structural optimization to envis-

age forthcoming in vivo applications. The final objective behind our search of new inhibitors is

to restore the antitumor immune response by downregulating the extracellular adenosine con-

centration either by using RR compounds alone or in combination with immunotherapies.

Results

Enzyme conformational changes and cavity selection

The overall strategy followed in this study for cavity selection and hit identification is schemat-

ically illustrated in Fig 1A. First by analyzing the crystal structure (4H2G) and by using the

Fpocket program, we detected five potential druggable cavities (Fig 1B). For the selection of

the most suitable cavity, these pockets must fulfill important criteria: i) a cavity located far

Allosteric CD73 inhibitors
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Fig 1. Structure-based drug design including cavity selection and dynamics of the enzyme target. (A) Flowchart illustrating the global strategy

for developing allosteric CD73 inhibitors. (B) Five cavities detected using Fpocket on the closed dimeric form of CD73 (4H2G) and shown in

colored mesh representations. (C) Top view of superimposed structures of CD73 during the TMD simulation highlighting the large rotating

motion of N-domains (centers of mass depicted as spheres in arc shape). (D) Volumes changes and mean local hydrophobic densities observed

during TMD for the blue cavity from panel “B” located at the dimerization interface. (E) Target cavity (mesh representation) outside the substrate

binding site (AMP and Zn ions are depicted in cyan sticks). (F) Illustration of the target binding site in complex with one hit compound (green

sticks) obtained by docking (Glu543 residues are depicted as spheres).

https://doi.org/10.1371/journal.pcbi.1005943.g001
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away from the substrate binding site (to avoid competitive inhibition), ii) a cavity with a suffi-

cient volume to afford the binding of drug-like molecules, iii) a cavity showing variation in

size and volume during the dynamics (the final goal being to block dynamic motions of the

enzyme), and iv) displaying a high mean local hydrophobic density as previously described for

druggability [32]. Therefore, to evaluate their change in size and volume during the reaction,

we performed molecular dynamics simulations enabling the selection of the most suitable and

druggable cavity for virtual screening. Hence, TMD simulations were carried out to reproduce

the large domain motions occurring during the reaction in both directions (from open to

closed states and vice-versa). Indeed, to block the enzyme function, both directions are rele-

vant as soon as the dynamic can be altered. We first focused on the closing direction in pres-

ence of the preferred substrate (AMP). Rigid body motions of the N-terminal domain toward

the C-domain were observed with a preponderant rotating motion during closure, all together

leading to the formation of the active site (Fig 1C and S1 Movie). Starting by an initial transla-

tional motion, both N-domains (residues ranging from 27 to 337) operate an anti-symmetric

rotation around a central node formed by four amino acids (335STQE338) located between α-

helix I and β-sheet 15 [30] (as shown in Fig 1C with the displacement of the center of mass of

each N-domain). Similar results were obtained in the opposite direction except that large col-

lective motions of the N-domain were slower at the beginning of the simulation (using the

same force constant applied in both TMD simulations). This can be easily explained by the

presence of the substrate that is tightly bound to the C-domain through strong electrostatic

interactions between the phosphate oxygen atoms and the two zinc ions. Using 100 conform-

ers issued from the simulations (Fig 1D), a cavity located at the junction of both C-domains

(called hereafter, dimerization interface, Fig 1E) was the only pocket meeting all the druggabil-

ity criteria previously defined, and was therefore selected as target binding site for virtual

screening. As shown in Fig 1D, results obtained by MDpocket analyses indicated that the vol-

ume of this cavity is rather large and highly fluctuating (from 2815 to 4732 Å3) and also that

the mean local hydrophobic density was increasing for several conformers (delineated by

square symbols in Fig 1D). Therefore, five representative conformers (denoted as C1 to C5, S1

Fig) were selected for an ensemble docking to mimic both the dynamics of the enzyme (vol-

ume of the cavity) and druggability according to the apolar descriptor. The center of the

screening area was defined by both Glu543 residues located in this interface as shown in Fig 1F

in the presence of one hit compound. The initial and final states of the simulation which corre-

spond to the experimental crystal structures were not included for virtual screening as the pre-

vious defined criteria were not fully satisfied (smaller volume of the pocket and apolar

contribution). However, the overall structural quality of the selected conformers issued from

the TMD simulation was assessed by means of three different methods. First, RMSD of back-

bone atoms from both C-domains were computed using as reference structure either the open

or the closed crystal structure (S1 Fig). Then, the Z-score (Prosa protein analysis tool) was cal-

culated for each conformer and found to be very close to the ones computed for the experi-

mental structures (S2 Fig). In addition, the Ramachandran diagrams (S3 Fig) were computed

for all structures and indicated a very low violation rate. Indeed, about 1% of residues were

found in outlier regions and these latter were located near the substrate binding site. Alto-

gether, these results indicated that the conformers selected for the virtual screening display an

overall excellent structural quality.

Hit identification

Virtual screening of 324,400 compounds was carried out by targeting the dimerization inter-

face on the five conformers issued from TMD simulation (ensemble docking). One could
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remark that half of the library was composed of compounds violating the Lipinski’s rules of 5

(either by a molecular weight > 500 or by a clog P> 5, or both). This feature was chosen on

purpose for targeting the CD73 dimerization area as protein-protein interfaces are known to

be highly apolar in comparison to exposed protein surfaces. The best hit compounds were

selected from the top-ranked compounds obtained by AutoDock Vina and further rescored

with Gold on each individual conformer. The final ranking was computed by averaging the

score obtained with each conformer by Gold and a final round of selection was carried out to

increase the structural diversity of hit compounds (Fig 2 and S1 Table for the full list of selected

hit compounds denoted as RR and ranked by docking score). A cut-off value of the computed

docking score was arbitrary selected at 70 leading to a docking score range between 96 and 71

(RR1 to RR28). Additionally, five compounds (fragment-like compounds) from the initial

library were kept for further testing because of their structural similarity with the best hit com-

pounds (five last molecules listed in S1 Table). Most of the hit compounds showed high clog P
indicating that the targeted dimerization interface has indeed a large hydrophobic area. The 33

best-ranked compounds did not share a common chemical structure but present some inter-

esting features like a 3-D shape exploiting the chemical space by combining rigid scaffolds

such as five- or six membered aromatic rings either as a tri-branched based molecule often

encountered as for compounds RR1-4, 6, 9, 14, 17–18, 21 and 26, or under an extended struc-

ture (RR10-13, 16, 20, 23–25, 27 and 28). Interestingly, four compounds, RR11, RR13, RR19

and RR28 are dimeric structures composed of two identical components linked together (Fig

2 and S1 Table). This structural feature may be the indication of a common binding mode for

each part of the compound with each monomer of the enzyme. Two molecules also exhibit a

complex spatial organization as they include a ribose or a nucleoside scaffold bearing two or

four aromatic protecting groups (RR7 and RR8, respectively). The selection of this type of

multi-branched structure may arise from the large surface to be occupied in the binding site of

the enzyme and consequently, this feature may contribute to the blockade of the protein

dynamics or activity. In addition, two highly similar structures were both selected from the

screening process, compounds RR4 and RR6 with comparable inhibitory activities. The tri-

branched core is almost identical (and based on a tetra-substituted pyridine ring) except the

nature of the substituent on the side chain located in position 2 and either corresponding to

the 2-amino-4,5,6,7-tetrahydro-benzo(b)thiophene (RR4) or to the ethyl 4-aminobenzoate

(RR6). The end of the list shows some compounds with low scores, due to their low molecular

weight comparable to fragments. These molecules were included for comparison and compo-

nents analysis of larger molecules.

Hit validation

We tested the 33 best-ranked compounds for their potential inhibition of CD73 activity using

the recombinant purified enzyme (S1 Table). For this purpose, the human dimeric soluble

form of CD73 was expressed in insect cells using a pFastBac system to guaranty the presence

of post-translational modifications since four potential glycosylation sites have been suggested

[31]. Catalytic (kcat) and Michaelis (KM) constants were determined for the purified enzyme at

70.6 ± 2.4 s-1 and 4.8 ± 0.6 μM, respectively, leading to a catalytic efficiency of 14.7 μM-1.s-1.

The enzyme was found three fold less active than the recombinant protein expressed in HEK

cells [31], but the activity was comparable to the commercially available human enzyme, also

produced in HEK. As shown in Fig 3, several compounds significantly inhibited the enzyme

activity at a concentration as low as 5 μM. The most active ones, in terms of inhibition of

CD73 enzyme activity, were RR2-4, 6, 8–9, 11, 16, 18 and 20–21 which promoted an enzyme

inhibition with a similar efficacy to that observed with APCP (Fig 3).

Allosteric CD73 inhibitors
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Fig 2. Selected hit compounds identified by docking at the dimerization interface of CD73 (full list in S1 Table).

MolPort code and chemical structure of hit compounds ranked by docking score. In addition to clog P value, different

Allosteric CD73 inhibitors
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Higher concentrations of RR compounds (up to 200 μM) were tested giving a similar inhi-

bition profile with larger standard errors due to the poor water-solubility of these compounds.

Interestingly, some compounds gave negative values of inhibition meaning that they were able

to activate the enzyme. This result was not surprising since allosteric compounds may play the

opposite role by stabilizing a preferential conformation leading to higher enzymatic efficiency

(positive allosteric regulators). RR28 was the remarkable example of this type of enzyme

enhancers and also RR12 and RR14 in a lesser extent. The strongest inhibitor was compound

RR3 that induced 93% of enzyme inhibition at a concentration of 5 μM. It was also predicted

as the less water-soluble compound (clog P value: 8.7). Since these compounds were highly

hydrophobic, we computed several metrics commonly used in drug design such as LE (ligand

efficiency), LLE (ligand-lipophilicity efficiency), BEI (binding efficiency index) and SEI (sur-

face-binding efficiency) (Fig 4 and S1 Table) in order to better evaluate the physicochemical

properties that are preponderant in the binding efficiency [33,34]. LE is a simple but important

indicator to select compounds according to their efficacy in respect to their atom number

count. For orally available active compounds compliant with the rule of five, LE value should

be at least 0.3 and this value is used for the selection of leads and needs to be maintained dur-

ing the optimization process [35]. Here, all hit compounds exhibited low values of LE between

0.16 and 0.23 kcal.mol-1.HA-1 with RR3 as best lead (LE = 0.23 with pKi = 6.28) followed by

RR6, 9, 11, 16, 18 and 20 (LE = 0.22). In contrast, LLE, which takes into account lipophilicity,

indicated that the lipophilic contribution for RR3 was not optimal (LLE = -2.48) and in this

respect, RR16 appeared as the better compound (LLE = 1.97 and LE = 0.22 with pKi = 6.77)

metrics for ligand efficiency were computed: LE, LLE, BEI and SEI (see Materials and Methods section for details).

Enzymatic inhibition by RR compounds (at 5 μM) performed with the purified recombinant CD73 Inhibition

constants (Ki) and mode are indicated (NC for non-competitive). �means +/- SD of three independent experiments.

https://doi.org/10.1371/journal.pcbi.1005943.g002

Fig 3. Enzymatic inhibition assay in the presence of RR compounds using the purified recombinant enzyme. Red bars indicate the

most active RR compounds promoting an enzyme inhibition as efficiently as APCP (5 μM) used as a positive control (green bar). Values

of inhibitions are means from three independent experiments ± SD and negative values reflect enzyme activation.

https://doi.org/10.1371/journal.pcbi.1005943.g003
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and finally RR4 and RR6 with a moderate lipophilic contribution. Therefore, BEI and SEI

were also computed to better appreciate which compound involves its molecular structure in

the binding or the inhibition efficiency. While BEI takes into account only the molecular

weight (global size), SEI encompasses the polar surface area (between 44 and 160 Å2), reflect-

ing much better the occupation efficiency of the molecular surface. Here, RR3 showed the

highest value followed by RR20. Because of the structural shape analogy between RR10 (weak

inhibitor) and RR16 (strong inhibitor), the kinetic inhibition assay was also carried out for

RR10. Indeed, the determined Ki value (9.4 μM) was higher than the respective ones for RR16

(0.46 and 1.7 μM, mixed inhibition). Although the inhibition mode was different for both

compounds, the calculated LLE value was much higher for RR16 than for RR10 but these

compounds showed very similar BEI or SEI values. According to these indexes, we can con-

clude that: RR3 should be improved for a better use of its lipophilicity (LLE too small) as for

RR20; RR8 has very low pKi, LE and LLE values render difficult its optimization and finally,

RR16 could be improved for a better use of its molecular surface. Due to the low water solubil-

ity, this analysis could not be performed for compound RR21.

Inhibition mode of the most active RR compounds

According to the location of the target binding site that was far away from the substrate bind-

ing site, RR compounds should impair the enzymatic function through a non-competitive

inhibition mode. As expected, the kinetic mechanism describing the inhibitory activity for

eight compounds (RR3, 4, 6, 8–11 and 20) was the non-competitive mode (Fig 5 and S1

Table). Nevertheless, for some compounds like RR2 and RR16, a mixed inhibition mode was

determined, indicating that they may also bind to the substrate binding site or to the enzyme-

substrate complex. The inhibition profile could not be determined for poorly water-soluble

Fig 4. Comparison of hit compounds by using conventional metrics used in drug design. Inhibition constants (Ki) are expressed as pKi (A)

and ligand (B), ligand-lipophilicity (C), binding and surface (D) efficiencies correspond to LE, LLE, BEI and SEI, respectively. Note that for

compounds exhibiting a mixed inhibition mode, two inhibition constants (“a” and “b”) were determined as for RR2 and RR16.

https://doi.org/10.1371/journal.pcbi.1005943.g004
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compounds like RR21. Also, the inhibition mechanism could not be defined unambiguously

for compound RR18, for which the experimental data fitted well with both mixed and non-

competitive equations. The most active non-competitive inhibitors were RR3 and RR6 with Ki

values of 0.52 ± 0.20 μM and 0.68 ± 0.05 μM, respectively (Fig 5A and 5C). RR4 and RR20

were less potent than the previous ones but still able to induce a strong inhibition of CD73

activity and exhibited a Ki around 1.2 μM (Fig 5B and 5D). RR16 was deduced as a potent

mixed inhibitor of CD73 with Ki and Ki’ values of 0.46 ± 0.10 and 1.70 ± 0.20 μM, respectively.

Structure-activity relationship studies

As shown in Fig 6A, selected hit compounds were predicted to bind entirely to the large tar-

geted cavity and they were spanning at least three sub-parts of the cavity (Fig 6B). Focusing on

the most active compounds (RR3, RR6 and RR16) all of them were deeply buried in the dimer

interface and all three hits interact with one or two glutamate residues (E543). However, their

binding modes were found to be slightly different. Indeed, for each compound the main inter-

actions with amino acid residues were different, I455 and E543 with RR3 (Fig 6C), K471 Y484

and E543 (backbone oxygen from both residues from the two monomers) with RR6 (Fig 6D),

D366, I455, H456, Y484 (both) and E543 (both) with RR16 (Fig 6E). In addition, a halogen

bond is formed between V542 backbone oxygen and the chlorine atom of RR16. Interestingly,

RR16 was connected to a huge number of amino acid residues in contrast to the other hits.

The presence of two sulfone groups may explain this distinct binding. On the other hand, sev-

eral hit compounds contained a stretched or more spanned chemical structure like RR11 or

RR20 and were determined as weaker inhibitor than RR3. Consequently, a rigid structure

may be unfavorable for a tight binding. In addition to its rigidity, RR11 exhibits a dimeric

structure and binds to CD73 with a different orientation compared to RR3 even though it was

found deeply inserted into the dimer interface (Figs 6F and 7C) and making two polar interac-

tions with D366 and Y484.

Since the virtual screening was achieved on five conformers and the docking analysis done

on an unique conformer (the main selected one by the ensemble docking and leading to high-

est computed scores), we analyzed the variations in binding mode for the most interesting

compounds depending on the conformer used for docking (S4 Fig). As shown in S4 Fig, slight

variations (average RMSD of 0.5 Å) were observed except for RR3 for which the RMSD was

between 1.2 and 1.8 Å. Also, the docking onto conformer C1 often led to a distinct binding in

comparison with other conformers. However, the binding mode was found very similar

between at least two conformers over the five for the large majority of hit compounds as for

RR4, RR6, RR9 and RR16 for instance. The conformers leading to the best scores were C3

and C5 corresponding to the middle and the end of the simulation (from open to closed

states). The preferential binding to conformer C5 may be explained by its larger cavity volume

and higher hydrophobicity than for C3 suggesting that these properties allowed to afford a

stronger binding. It also shows that the binding may be more efficient when the enzyme is

closing to form its active site in presence of the substrate. This comparison also indicates that

the large collective motion of the enzyme modifies substantially the target cavity in terms of

steric space highlighting the importance of using multi-conformational states during the vir-

tual screening.

Fig 5. Determination of the kinetics inhibition profiles for the most representative compounds. Secondary plots and

double-reciprocal of steady state rate constants as a function of AMP concentration in the absence (circles) or with

increasing concentrations of hit compounds (squares, triangles and stars). (A): RR3 at 0, 0.4, 0.8 and 1.6 μM; (B): RR4 at 0,

0.3, 0.6 and 1.2 μM; (C): RR6 at 0, 0.25, 0.5 and 1.0 μM; (D): RR20 at 0, 0.3, 0.6 and 1.2 μM.

https://doi.org/10.1371/journal.pcbi.1005943.g005
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Fig 6. Detailed analysis of the binding mode for best-ranked hit compounds. (A) Overlay of the docking poses from all selected hits at

the dimerization interface. Compounds are depicted in sticks and CD73 as solvent accessible surface (yellow and pink for differentiating

the two monomers). (B) Overlay of the three most active compounds, RR3 (green) RR6 (cyan) and RR16 (purple). Main polar

interactions involved in the binding of RR3 (C), RR6 (D) and RR16 (E) viewed in the same orientation. (F) Binding pose of hit

compound RR11 (blue) holding an extended and dimeric structure.

https://doi.org/10.1371/journal.pcbi.1005943.g006
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Fig 7. Hydrophobic contacts involved in the binding of RR compounds. Docking poses obtained for the two structurally-related

compounds, (A) RR4 (yellow) and (B) RR6 (cyan) highlighting the binding differences (thick sticks correspond to residues that are inversely

involved). Binding mode of compound having a stretched structure as for RR11 (C) and for RR20 (D) depicted as blue and orange sticks,

respectively. Comparison of the binding mode for the inhibitory compound RR3 (E) and the activator RR28 (F) assuming a common

binding site for both. Residues making halogen bonds are depicted in yellow sticks. All residues contributing to hydrophobic contacts (either

with backbone or sidechain atoms) are depicted in solvent accessible surface and in thin sticks (all compounds are not oriented identically).

https://doi.org/10.1371/journal.pcbi.1005943.g007
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A detailed analysis of the docking binding poses indicates that the hydrophobic contribu-

tion in the binding efficiency of hit compounds was quite important as predicted by clog P val-

ues. Indeed, in addition to the most encountered residues making hydrogen bonds with RR

compounds (D366, H456, K471, Y484 and E543) numerous apolar residues participated in

hydrophobic contacts such as G453-454, I455, L475, V542 and G544. Also, two polar residues,

H456 and Y484 are also involved (Figs 7 and 8). Moreover, a few charged residues contributed

to these non-bonded interactions such as D366, K471, D473, E543 and R545 reinforcing likely

the binding affinity. We first compared the two structurally related compounds RR4 and RR6

to highlight their binding mode, orientation and differences (Fig 7A and 7B). These molecules

were almost superimposable in their binding site. Highlighting their differences, we observed

that the methoxyphenyl group interacts with a patch of glycine residues (G453-G454) for RR6

and this was not seen with RR4. Moreover, the van der Waals contacts involved Y484 and

V542 for RR4 while it was replaced by F548 in the case of RR6. This little difference observed

in the predicted binding modes may explain the two-fold factor between Ki values for these

two compounds (inhibition constants very close to each other). For elongated and more rigid

structures like RR11 and RR20 (Fig 7C and 7D), no binding similarities could be observed as

one molecule is curved while the other is more stretched allowing to cover a larger surface area

in the binding site. This may be explained by their different degree of rigidity. Nevertheless,

both compounds connect the two monomers together leading to an enzymatic inhibition. This

is achieved through numerous hydrophobic contacts as shown by the interaction with apolar

residues. According to their respective Ki values, a flexible chemical structure seems to be less

advantageous for the inhibition efficiency, most probably because of the entropic loss upon

binding to CD73.

Interestingly, RR28 was found to increase the enzyme activity instead of impairing it. To

understand the reasons why this molecule to behave as an allosteric activator, we compared its

binding to the most potent non-competitive inhibitor, RR3. As shown in Fig 7E and 7F, RR28

did not bind to CD73 in the same orientation and less hydrophobic contacts were found. Two

residues (D366 and Y484) are making halogen bonds by interacting with the fluorine atoms.

However, apolar residues (I369 and L465) are very close to the fluorine atoms leading to unfa-

vorable contacts. This may explain why the docking score obtained for RR28 was much lower

than that of RR3 (71 versus 94) and suggests a weak binding in this pocket. Moreover, the

structure of this compound shows an axial symmetry enabling to link both monomers of the

enzyme through halogen and hydrogen bonds (Fig 8). Therefore, one can imagine that the

dimer is better stabilized in the presence of RR28. This may explain why RR28 was found to

act as an enhancer of CD73 activity but another explanation would be that it binds to another

site to promote such unexpected effect. Nevertheless, two identical residues (D366 and Y539)

from each monomer are connecting the hit compound suggesting that this symmetrical com-

pound takes benefit of the symmetry of the dimer.

Discussion

From this virtual screening study targeting the dimerization interface of CD73 as potential

allosteric binding site, several hit compounds were determined as strong non-competitive

inhibitors and other as mixed inhibitors. The most active compounds exhibited Ki values in

the low micromolar range allowing for further hit to lead optimization. Structure of hit com-

pounds were characterized by two different scaffolds either as a tripartite shape or an extended

structure with similarities within the two families. The large structure allowed spanning the

large cavity. Interestingly, some compounds were shown to create a strong linkage between

the two monomers leading either to an inhibition or an enhancement of the enzymatic activity.
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Allosteric regulation has been extensively described for many enzymes, especially kinases like

p21-activiated kinase 4 [36], small GTPases [37] or G-protein-coupled receptors for more than

half a century [38,39]. All these proteins or enzymes play an important role in maintaining the

cell integrity or signaling and have also been pointed out for therapeutic approaches including

the development of new cancer treatments. Nowadays, the design of allosteric compounds rep-

resent a valuable alternative approach to identify new drugs targeting proteins that are consid-

ered “undruggable” by developing either positive or negative allosteric modulators [40].

Within the large Halo-Acid Dehalogenase family from which CD73 belongs, the cytosolic 5’-

nucleotidase II is a good example of allosteric regulation by ATP or bisphosphoglycerate as

previously described [41,42]. Here, we targeted an interface that is not described as an alloste-

ric site. However, an allosteric activation was observed with RR28 in addition to the strong

inhibition induced by several hit compounds, indicating that the target binding site was able to

modulate the enzymatic activity through the binding of small molecules. It must be highlighted

here, that the data obtained so far do not allow us to conclude that inhibitors bind actually in

the assumed allosteric binding site (targeted during the virtual screening) and this conclusion

will only become definitive by solving the crystal structure of the complex, for instance. Simi-

larly, it cannot be excluded that RR28 binds to a different allosteric pocket to that of RR3 or

RR4. Also, another question remains concerning the allosteric effect that includes by defini-

tion, a protein conformational change. Here, we could not measure experimentally this effect

and we assume that non-competitive inhibitors act as allosteric inhibitors (and the opposite

for RR28 acting as allosteric activator). The chemical nature of the identified compounds leads

to high lipophilicity according to their clog P values and consequently a lower water solubility.

This arises from the selection of hydrophobic compounds present in the chemical library

Fig 8. Binding mode of hit compound RR28 linking both enzyme monomers. Residues are depicted in yellow or

pink thin sticks according to the monomer they belong and RR28 in thick pink sticks.

https://doi.org/10.1371/journal.pcbi.1005943.g008
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during the screening phase when targeting the interfacial binding site. Screening in the sub-

strate binding site would have selected more hydrophilic compounds. Nevertheless, the cur-

rent hit compounds will have to be optimized to increase their bioavailability. This step can be

achieved by several methods often used in all drug discovery programs (search by similarity or

pharmacophore models) and keeping in mind that a certain degree of lipophilicity is required

to ensure a tight binding in the dimer interface. Alternatively, permeation enhancers may be

useful to improve their physicochemical properties before reaching the enzyme target such as

cyclodextrin-based formulations [43–45] or by using chitosan [46] or glyconucleolipid [47,48]

derivatives leading to both an increase in bioavailability and half-life of the compound.

The main objective of this study was to block the enzymatic activity by hindering the

dynamics of the enzyme that is required for its function (and therefore the active site forma-

tion leading to the hydrolysis of AMP into adenosine). One interesting feature here is the

selected cavity that is located at the dimer interface and can be therefore considered as a pro-

tein-protein interface. This point was already discussed in previous publications targeting pro-

tein-protein or protein-DNA interfaces and led to the discovery of interfacial inhibitors, like

Brefeldin A binding to the Arf-Sec7 interface or camptothecin binding to topoisomerase

I-DNA complex [49].

CD73 has been extensively studied for its implication in cancer development and progres-

sion [4] and in addition to the monoclonal antibody (MEDI9447) [29], several small molecule

inhibitors have been developed. All these compounds (anthraquinone [50], sulfonic acid or

sulfonamide derivatives [51,52] or those being derived from APCP [26]) were designed by tar-

geting the substrate binding site or by analogy to the substrate itself, and most of them act as

competitive inhibitors. One exception has been recently described with 2-alkoxy-3-(sulfony-

larylaminomethylene)-chroman-4-one derivatives acting as uncompetitive inhibitors [53].

This study indicates that these inhibitors block the enzyme by targeting an enzyme-substrate

intermediate of the reaction. This was the first suggestion of the presence of a binding site dif-

ferent to that of the substrate. Here, we describe for the first time the inhibition of CD73 activ-

ity by a most likely allosteric mechanism, which may lead to higher enzyme selectivity and less

off-target effects.

Materials and methods

Molecular dynamics simulations and virtual screening

The overall strategy is schematically illustrated in Fig 1A. Targeted molecular dynamics

(TMD) simulations were carried out using two crystal structures of CD73 in the direction

from the open (4H2G) to the closed (4H2I) conformation. All calculations were performed

with NAMD 2.11 [54] in the isobaric–isothermal ensemble. The pressure (1 atm) and tempera-

ture (310 K) were kept constant using Langevin dynamics and Nosé-Hoover Langevin piston

[55,56]. All protein atoms and Zn ions were described by the CHARMM27 force field [57].

The substrate AMP was modelled using adenosine structure from 4H2G and inorganic phos-

phate from 4H1S by structural alignments of respective C-domains. Missing parameters in

Charmm force field were added by homology to ADP but with atomic partial charges com-

puted with Gaussian (RHF/6-31G) by fitting the electrostatic potential surface. The system was

solvated with explicit water (TIP3P model), neutralized with four sodium ions and replicated

in each direction using periodic boundary conditions. The short-range Lennard-Jones poten-

tial was smoothly truncated from 10 to 12 Å and the PME (Particle Mesh Ewald) algorithm

[58] was used to calculate long-range electrostatics with a grid spacing of 1 Å. The potential

energy of the molecular systems was minimized for 100,000 steps of conjugate gradient (time

step of 2 fs). After a gradual heating from 0 to 310 K, the two systems were further equilibrated
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for 100,000 steps. A spring force constant of 200 kcal/mol/A2 was applied to all atoms and

defined in the TMD potential term (UTMD, see Eq 1) allowing reducing the root mean square

(RMS) distance between open (4H2G) and closed (4H2I) conformations during 20 ns. The

two C-domains (residues 337–549) of both structures were aligned prior to simulation.

UTMD ¼
1

2

k
N
½RMSðtÞ � RMS�ðtÞ�2 ðEq 1Þ

where RMS(t) is the instantaneous best-fit RMS distance of the current coordinates from the

target coordinates, and RMS�(t) evolves linearly from the initial RMSD at the first TMD step

to the final RMSD at the last TMD step. The elastic constant k is scaled down by the number N

of targeted atoms.

Identification and characterization of druggable cavities were achieved with Fpocket or

MDpocket software [59]. Selection criteria were the volume and mean local hydrophobic den-

sity (ratio of neighboring apolar alpha spheres divided by the total number of apolar alpha

spheres in the pocket); this ratio is then normalized in respect to the other binding pockets

[60]. The potential energy function of the five conformers selected from TMD simulation (and

further used for ensemble virtual screening) was minimized with 50,000 steps of conjugate gra-

dient using NAMD. The conformers were subjected to a careful structural quality assessment

using the ProSA-web server [61] (https://prosa.services.came.sbg.ac.at/prosa.php) (S2 Fig) and

by computing their Ramachandran diagrams (S3 Fig) by using the Rampage program hosted

at the University of Cambridge [62] in order to compare the overall quality with the experi-

mental crystal structure (4H2G and 4H1S). A chemical library of 324,400 compounds was gen-

erated from the Molport screening compound database gathering 34 suppliers and composed

of natural and synthetic molecules with drug-like properties (http://www.molport.com). The

library of screening compounds was composed of unique molecules, commercially available

from several main suppliers (Asinex, ChemDiv Inc., Vitas-M laboratory and Enamine). Before

using it for virtual screening, the library was filtered in order to remove duplicates, add explicit

hydrogens, generate 3D coordinates and finally to transform in PDBQT (Vina) or Sybyl mol2

(Gold) format using Open Babel 2.4.1 [63]. Despite a careful filtering, few compounds escaped

to the modified Lipinski’s rules of 5 (initial Ro5 with a molecular weight allowed to be greater

than 500 Da and a clog P greater than 5) as shown by some low molecular weight fragments

found in the library. Virtual screening was performed using the highly parallelized implemen-

tation, VinaLC-1.1.2 [64] of the Autodock Vina molecular docking program [65]. A confirma-

tion of the docking poses was achieved using a second program and scoring function (GOLD

5.2 program, CCDC Software Limited, [66]) in order to increase the prediction accuracy. The

center of mass of the two E543 residues (from both monomers), located in the vicinity of the

interface was targeted with radius of 15 Å around this point. The goldscore function was used

to rank the docking solutions by using the clustering method (complete linkage) from the

RMSD matrix of solutions. As the conformer C3 (S1 Fig to S3 Fig) was selected most of the

time during the ensemble docking with the 5 TMD conformers and led to the highest scores

when tested separately, this conformer was kept for the docking analysis of all hit compounds

(SAR relationships). Molecular dynamics simulations were analyzed with the VMD software

[67] and structural analysis and visualization of docking poses were prepared using the

PyMOL Molecular Graphics System (version 1.8, Schrödinger, LLC). For molecular interac-

tions between CD73 and RR compounds, a maximum cutoff distance of 3.5 Å and 4.5 Å was

used for hydrogen bonds and van der Waals contacts calculations, respectively. The clog P val-

ues for RR compounds were calculated using the robust Molinspiration chemoinformatics

utility and the mi-log P model (www.molinspiration.com). Various ligand efficiency metrics

have been computed such as LE for ligand efficiency (LE = [1.4 x (-log Ki)]/NHA, where NHA is
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the number of heavy atoms excluding hydrogens and expressed in kcal.mol-1.HA-1) [34,68],

LLE or ligand-lipophilicity efficiency (LLE = pKi−cLog P, where pKi = -log(Ki)), BEI or bind-

ing efficiency index (BEI = pKi / molecular weight in kDa), SEI or surface-binding efficiency

index (SEI = (pKi) / (Polar surface area /100 Å) [69].

Recombinant protein expression and purification

The plasmid with NT5E gene encoding for the human soluble sCD73 protein (residues 27–

549) was kindly provided by Prof. N. Scrutton [31]. This construct already contained a His-tag

at the C-terminus and a signal sequence derived from human extracellular glycoprotein

(osteonectin, residues 1–19) followed by Leu-Ala-Ser allowing extracellular expression of

sCD73 [70]. The insert was subcloned into pFastBacTM vector 1 (ThermoFisher Scientific)

after PCR amplification to include EcoRI/NotI restriction sites. Protein was expressed in Sf9

insect cells (Life Technologies) using the pFastBac baculovirus system (ThermoFisher Scien-

tific) according to the manufacturer’s instructions. Insect cells were grown in suspension with

stirring at 110 rpm in EX-CELL 420 medium at 28˚C (Sigma) up to a density of 4×106cells per

mL and then infected with baculovirus encoding CD73. The cellular supernatant was har-

vested by centrifugation (20 min/31,000 g) 48 h post-infection, filtered (0.22 μm), supple-

mented with protease inhibitors (leupeptin, benzamidine and PMSF at 100 μg/mL) and

concentrated on crossflow cassette (Vivaflow 200 Sartorius). The concentrate was centrifuged

(30 min/186,000 g) and purified on HisTrap Excel column connected to a FPLC Äkta purifier

system (GE Healthcare Life Sciences). The enzyme purity, size and activity were assessed by

SDS-PAGE, Western blot and steady-state kinetics with various AMP concentrations. An

extinction coefficient of 56,310 l.mol-1.cm-1 was used for determining protein concentration at

280 nm.

Enzyme inhibition and steady state kinetics assays

The 33 hit compounds were purchased from MolPort compound order service (www.molport.

com) gathering all compounds from various suppliers. The purity and structural integrity of

the purchased chemical compounds have been evaluated by NMR and mass spectroscopy (S5

Fig). Adenosine 50-monophosphate sodium salt (AMP) was purchased from Sigma-Aldrich

and adenosine 5’-(α,β-methylene) diphosphate (APCP) used as positive control was synthe-

sized using a previously published procedure [26]. The CD73 nucleotidase activity was deter-

mined by steady-state kinetics measuring the adenosine produced upon AMP hydrolysis by

CD73 over time. The reaction was carried out in a thermostatically controlled beaker under

magnetic stirring at 37˚C in a buffer containing Tris-HCl 50 mM pH 7, NaCl 100 mM, MgCl2

1 mM, CaCl2 1 mM. Reaction was allowed to occur upon addition of the substrate and stopped

by addition of 10% of perchloric acid every 5 s. The same procedure was repeated in presence

of each inhibitor at 5 μM. Reaction products were quantified by HPLC chromatography

(Waters Alliance) using a Partisphere 5-SAX column (AIT France) and 10 mM ammonium

phosphate buffer pH 5.5 as mobile phase. For non-water soluble compounds, DMSO was used

and the final percentage did not exceed 0.5% in order to preserve the full enzyme activity

(enzyme tolerance for DMSO was determined up to 2%). The commercial human CD73

enzyme produced in eukaryotic cells (Interchim) was used to compare the kinetics parameters

of both batches and to confirm the inhibition promoted by hit compounds.

Determination of inhibition mode and Ki

For the most interesting compounds, the inhibition mode was determined by steady state

kinetic assays to obtain apparent catalytic (kcat), Michaelis (KM) and inhibition (Ki) constants.
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Recombinant enzyme (2.5 nM), substrate (AMP, at eight different concentrations: 1, 1.5, 2.5,

5, 10, 25, 50 and 100 μM) were mixed in a thermostated beaker at 37˚C in the presence or in

the absence of inhibitors and reaction was stopped every 5 s by acid quenching before HPLC

analysis (as mentioned above). Quantification of adenosine and AMP was achieved by inte-

grating peaks (Empower software, Waters) and raw data were analyzed using Grafit 7 (Eritha-

cus software) and fitted with four different equations describing either a competitive,

uncompetitive, non-competitive or mixed inhibition mode. The best model (with the lowest

Chi square value) fitting the experimental data was considered as the inhibition mode and

used for determining Ki. All experiments were carried out using three different inhibitor con-

centrations and Lineweaver-Burk plots were drawn to illustrate the inhibition modes.

Supporting information

S1 Table. Full-list of the hit compounds selected by virtual screening. Compound name

with MolPort code and chemical structure of RR compounds ranked by docking score. clog P
value, enzymatic inhibition of CD73 activity by RR compounds (5 μM final concentration) on

the purified recombinant enzyme (means +/- SD of three independent experiments) and inhi-

bition constants (Ki) and mode for most active compounds (NC for non-competitive) are indi-

cated. In addition to clog P, different metrics for ligand efficiency are included: LE, LLE, BEI

and SEI (see Materials and Methods section for details). The five last compounds correspond

to smaller hit fragments. Most active hits shown in Fig 2 are highlighted in grey. �means +/-

SD of three independent experiments.

(DOCX)

S1 Movie. Movie retracing the targeted molecular dynamics simulation. Large collective

motions observed during the dynamics of CD73 from the open to the closed conformation.

The volume changes observed for targeted cavity are shown in mesh representation.

(MPG)

S1 Fig. Conformers characterization by comparison to the crystal structures. A) Root mean

square deviation (RMSD in Å) of backbone atoms from C-domains between conformers

issued from targeted molecular dynamics simulations and crystal structures (C-domains were

defined by residues 337–549). B) Overlay of crystal structures (4H2G—open state, cyan; 4H1S

—closed state, orange) and conformers (C1, yellow; C2, red; C3, blue; C4, magenta and C5,

grey). All structures were aligned onto both C-domains of 4H2G. C) Zoom-in view of the

superimposed C-domains from all modeled and x-ray structures (the targeted cavity at the

dimerization site is depicted in grey mesh).

(TIF)

S2 Fig. Structure quality assessment using ProSA II Z-score calculation. Structure quality

assessment using ProSA II Z-score calculation (Z-score profile is computed using X-ray and

NMR references structures and black circle indicates CD73 crystal structure or conformers

issued from TMD simulation).

(TIF)

S3 Fig. Ramachandran diagrams of crystal structures and conformers issued from TMD

simulation. Diagrams were computed using the Rampage program [62]. Percentage of resi-

dues found in outlier regions was 0.4% (Q88, P160 and T336) for crystal structures and com-

prised between 0.9 and 1.6% for the five conformers (C1 to C5). Most of the concerned

residues are located in the substrate binding site (H118, P141, P222 and H243).

(TIF)

Allosteric CD73 inhibitors

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005943 January 29, 2018 19 / 23

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005943.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005943.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005943.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005943.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005943.s005
https://doi.org/10.1371/journal.pcbi.1005943


S4 Fig. Comparison of the docking poses obtained with the five conformers for the most

active compounds: (A) RR3, (B) RR4, (C) RR6, (D) RR9, (E) RR11, (F) RR16, (G) RR18 and

(H) RR20. The binding pose of each compound is shown in stick representation with a color

code according to the conformer used for docking (blue for C1, green for C2, yellow for C3,

pink for C4 and orange for C5).

(PDF)

S5 Fig. NMR and mass spectroscopy data of hit compounds purchased from Molport.

(TIF)

Acknowledgments

We are grateful to the Genotoul and Calmip bioinformatics platforms in Toulouse Midi-Pyre-

nees for providing help, computing and storage resources.

Author Contributions

Conceptualization: Lars Peter Jordheim, Suzanne Peyrottes, Laurent Chaloin.

Data curation: Rahila Rahimova.

Formal analysis: Rahila Rahimova.

Funding acquisition: Suzanne Peyrottes.

Investigation: Laurent Chaloin.

Methodology: Rahila Rahimova, Simon Fontanel, Laurent Chaloin.

Project administration: Laurent Chaloin.

Resources: Laurent Chaloin.

Supervision: Laurent Chaloin.

Validation: Corinne Lionne.

Writing – original draft: Laurent Chaloin.

Writing – review & editing: Corinne Lionne, Lars Peter Jordheim, Suzanne Peyrottes, Laurent

Chaloin.

References
1. Schreiber RD, Old LJ, Smyth MJ (2011) Cancer immunoediting: integrating immunity’s roles in cancer

suppression and promotion. Science 331: 1565–1570. https://doi.org/10.1126/science.1203486 PMID:

21436444

2. Burnstock G, Di Virgilio F (2013) Purinergic signalling and cancer. Purinergic Signal 9: 491–540.

https://doi.org/10.1007/s11302-013-9372-5 PMID: 23797685

3. Antonioli L, Blandizzi C, Pacher P, Hasko G (2013) Immunity, inflammation and cancer: a leading role

for adenosine. Nat Rev Cancer 13: 842–857. https://doi.org/10.1038/nrc3613 PMID: 24226193

4. Allard B, Longhi MS, Robson SC, Stagg J (2017) The ectonucleotidases CD39 and CD73: Novel check-

point inhibitor targets. Immunol Rev 276: 121–144. https://doi.org/10.1111/imr.12528 PMID: 28258700

5. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, et al. (2007) Adenosine generation catalyzed by

CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J Exp Med 204:

1257–1265. https://doi.org/10.1084/jem.20062512 PMID: 17502665

6. Allard B, Beavis PA, Darcy PK, Stagg J (2016) Immunosuppressive activities of adenosine in cancer.

Curr Opin Pharmacol 29: 7–16. https://doi.org/10.1016/j.coph.2016.04.001 PMID: 27209048

7. Spychala J (2000) Tumor-promoting functions of adenosine. Pharmacol Ther 87: 161–173. PMID:

11007998

Allosteric CD73 inhibitors

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005943 January 29, 2018 20 / 23

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005943.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005943.s007
https://doi.org/10.1126/science.1203486
http://www.ncbi.nlm.nih.gov/pubmed/21436444
https://doi.org/10.1007/s11302-013-9372-5
http://www.ncbi.nlm.nih.gov/pubmed/23797685
https://doi.org/10.1038/nrc3613
http://www.ncbi.nlm.nih.gov/pubmed/24226193
https://doi.org/10.1111/imr.12528
http://www.ncbi.nlm.nih.gov/pubmed/28258700
https://doi.org/10.1084/jem.20062512
http://www.ncbi.nlm.nih.gov/pubmed/17502665
https://doi.org/10.1016/j.coph.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27209048
http://www.ncbi.nlm.nih.gov/pubmed/11007998
https://doi.org/10.1371/journal.pcbi.1005943


8. Ohta A, Gorelik E, Prasad SJ, Ronchese F, Lukashev D, et al. (2006) A2A adenosine receptor protects

tumors from antitumor T cells. Proc Natl Acad Sci U S A 103: 13132–13137. https://doi.org/10.1073/

pnas.0605251103 PMID: 16916931

9. Sitkovsky M, Lukashev D, Deaglio S, Dwyer K, Robson SC, et al. (2008) Adenosine A2A receptor

antagonists: blockade of adenosinergic effects and T regulatory cells. Br J Pharmacol 153 Suppl 1:

S457–464.

10. Zimmermann H (1992) 5’-Nucleotidase: molecular structure and functional aspects. Biochem J 285:

345–365. PMID: 1637327

11. Resta R, Yamashita Y, Thompson LF (1998) Ecto-enzyme and signaling functions of lymphocyte

CD73. Immunol Rev 161: 95–109. PMID: 9553767

12. Allard D, Allard B, Gaudreau PO, Chrobak P, Stagg J (2016) CD73-adenosine: a next-generation target

in immuno-oncology. Immunotherapy 8: 145–163. https://doi.org/10.2217/imt.15.106 PMID: 26808918

13. Antonioli L, Yegutkin GG, Pacher P, Blandizzi C, Hasko G (2016) Anti-CD73 in cancer immunotherapy:

awakening new opportunities. Trends Cancer 2: 95–109. https://doi.org/10.1016/j.trecan.2016.01.003

PMID: 27014745

14. Turcotte M, Spring K, Pommey S, Chouinard G, Cousineau I, et al. (2015) CD73 is associated with poor

prognosis in high-grade serous ovarian cancer. Cancer Res 75: 4494–4503. https://doi.org/10.1158/

0008-5472.CAN-14-3569 PMID: 26363007

15. Bowser JL, Blackburn MR, Shipley GL, Molina JG, Dunner K Jr., et al. (2016) Loss of CD73-mediated

actin polymerization promotes endometrial tumor progression. J Clin Invest 126: 220–238. https://doi.

org/10.1172/JCI79380 PMID: 26642367

16. Supernat A, Markiewicz A, Welnicka-Jaskiewicz M, Seroczynska B, Skokowski J, et al. (2012) CD73

expression as a potential marker of good prognosis in breast carcinoma. Appl Immunohistochem Mol

Morphol 20: 103–107. PMID: 22553809

17. Huang QH, Durham NM, Suit E, Wu YL, Liu J, et al. (2015) Levels and enzyme activity of CD73 in pri-

mary samples from cancer patients. Cancer Research 75.

18. Maksimow M, Kyhala L, Nieminen A, Kylanpaa L, Aalto K, et al. (2014) Early prediction of persistent

organ failure by soluble CD73 in patients with acute pancreatitis*. Crit Care Med 42: 2556–2564.

https://doi.org/10.1097/CCM.0000000000000550 PMID: 25126879

19. Wang L, Zhou X, Zhou T, Ma D, Chen S, et al. (2008) Ecto-5’-nucleotidase promotes invasion, migration

and adhesion of human breast cancer cells. J Cancer Res Clin Oncol 134: 365–372. https://doi.org/10.

1007/s00432-007-0292-z PMID: 17671792

20. Zhou P, Zhi X, Zhou T, Chen S, Li X, et al. (2007) Overexpression of Ecto-5’-nucleotidase (CD73) pro-

motes T-47D human breast cancer cells invasion and adhesion to extracellular matrix. Cancer Biol Ther

6: 426–431. PMID: 17471030

21. Young A, Mittal D, Stagg J, Smyth MJ (2014) Targeting cancer-derived adenosine: new therapeutic

approaches. Cancer Discov 4: 879–888. https://doi.org/10.1158/2159-8290.CD-14-0341 PMID:

25035124

22. Stagg J, Beavis PA, Divisekera U, Liu MC, Moller A, et al. (2012) CD73-deficient mice are resistant to

carcinogenesis. Cancer Res 72: 2190–2196. https://doi.org/10.1158/0008-5472.CAN-12-0420 PMID:

22396496

23. Stagg J, Divisekera U, Duret H, Sparwasser T, Teng MW, et al. (2011) CD73-deficient mice have

increased antitumor immunity and are resistant to experimental metastasis. Cancer Res 71: 2892–

2900. https://doi.org/10.1158/0008-5472.CAN-10-4246 PMID: 21292811

24. Stagg J, Divisekera U, McLaughlin N, Sharkey J, Pommey S, et al. (2010) Anti-CD73 antibody therapy

inhibits breast tumor growth and metastasis. Proc Natl Acad Sci U S A 107: 1547–1552. https://doi.org/

10.1073/pnas.0908801107 PMID: 20080644

25. Zhi X, Chen S, Zhou P, Shao Z, Wang L, et al. (2007) RNA interference of ecto-5’-nucleotidase (CD73)

inhibits human breast cancer cell growth and invasion. Clin Exp Metastasis 24: 439–448. https://doi.

org/10.1007/s10585-007-9081-y PMID: 17587186

26. Bhattarai S, Freundlieb M, Pippel J, Meyer A, Abdelrahman A, et al. (2015) alpha,beta-Methylene-ADP

(AOPCP) Derivatives and Analogues: Development of Potent and Selective ecto-5’-Nucleotidase

(CD73) Inhibitors. J Med Chem 58: 6248–6263. https://doi.org/10.1021/acs.jmedchem.5b00802 PMID:

26147331

27. Norman RA, Toader D, Ferguson AD (2012) Structural approaches to obtain kinase selectivity. Trends

Pharmacol Sci 33: 273–278. https://doi.org/10.1016/j.tips.2012.03.005 PMID: 22503441

28. Davis MI, Hunt JP, Herrgard S, Ciceri P, Wodicka LM, et al. (2011) Comprehensive analysis of kinase

inhibitor selectivity. Nat Biotechnol 29: 1046–1051. https://doi.org/10.1038/nbt.1990 PMID: 22037378

Allosteric CD73 inhibitors

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005943 January 29, 2018 21 / 23

https://doi.org/10.1073/pnas.0605251103
https://doi.org/10.1073/pnas.0605251103
http://www.ncbi.nlm.nih.gov/pubmed/16916931
http://www.ncbi.nlm.nih.gov/pubmed/1637327
http://www.ncbi.nlm.nih.gov/pubmed/9553767
https://doi.org/10.2217/imt.15.106
http://www.ncbi.nlm.nih.gov/pubmed/26808918
https://doi.org/10.1016/j.trecan.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/27014745
https://doi.org/10.1158/0008-5472.CAN-14-3569
https://doi.org/10.1158/0008-5472.CAN-14-3569
http://www.ncbi.nlm.nih.gov/pubmed/26363007
https://doi.org/10.1172/JCI79380
https://doi.org/10.1172/JCI79380
http://www.ncbi.nlm.nih.gov/pubmed/26642367
http://www.ncbi.nlm.nih.gov/pubmed/22553809
https://doi.org/10.1097/CCM.0000000000000550
http://www.ncbi.nlm.nih.gov/pubmed/25126879
https://doi.org/10.1007/s00432-007-0292-z
https://doi.org/10.1007/s00432-007-0292-z
http://www.ncbi.nlm.nih.gov/pubmed/17671792
http://www.ncbi.nlm.nih.gov/pubmed/17471030
https://doi.org/10.1158/2159-8290.CD-14-0341
http://www.ncbi.nlm.nih.gov/pubmed/25035124
https://doi.org/10.1158/0008-5472.CAN-12-0420
http://www.ncbi.nlm.nih.gov/pubmed/22396496
https://doi.org/10.1158/0008-5472.CAN-10-4246
http://www.ncbi.nlm.nih.gov/pubmed/21292811
https://doi.org/10.1073/pnas.0908801107
https://doi.org/10.1073/pnas.0908801107
http://www.ncbi.nlm.nih.gov/pubmed/20080644
https://doi.org/10.1007/s10585-007-9081-y
https://doi.org/10.1007/s10585-007-9081-y
http://www.ncbi.nlm.nih.gov/pubmed/17587186
https://doi.org/10.1021/acs.jmedchem.5b00802
http://www.ncbi.nlm.nih.gov/pubmed/26147331
https://doi.org/10.1016/j.tips.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22503441
https://doi.org/10.1038/nbt.1990
http://www.ncbi.nlm.nih.gov/pubmed/22037378
https://doi.org/10.1371/journal.pcbi.1005943


29. Geoghegan JC, Diedrich G, Lu X, Rosenthal K, Sachsenmeier KF, et al. (2016) Inhibition of CD73 AMP

hydrolysis by a therapeutic antibody with a dual, non-competitive mechanism of action. MAbs 8: 454–

467. https://doi.org/10.1080/19420862.2016.1143182 PMID: 26854859

30. Knapp K, Zebisch M, Pippel J, El-Tayeb A, Muller CE, et al. (2012) Crystal structure of the human ecto-

5’-nucleotidase (CD73): insights into the regulation of purinergic signaling. Structure 20: 2161–2173.

https://doi.org/10.1016/j.str.2012.10.001 PMID: 23142347

31. Heuts DP, Weissenborn MJ, Olkhov RV, Shaw AM, Gummadova J, et al. (2012) Crystal structure of a

soluble form of human CD73 with ecto-5’-nucleotidase activity. Chembiochem 13: 2384–2391. https://

doi.org/10.1002/cbic.201200426 PMID: 22997138

32. Schmidtke P, Barril X (2010) Understanding and predicting druggability. A high-throughput method for

detection of drug binding sites. J Med Chem 53: 5858–5867. https://doi.org/10.1021/jm100574m

PMID: 20684613

33. Rees DC, Congreve M, Murray CW, Carr R (2004) Fragment-based lead discovery. Nat Rev Drug Dis-

cov 3: 660–672. https://doi.org/10.1038/nrd1467 PMID: 15286733

34. Hopkins AL, Groom CR, Alex A (2004) Ligand efficiency: a useful metric for lead selection. Drug Discov

Today 9: 430–431. https://doi.org/10.1016/S1359-6446(04)03069-7 PMID: 15109945

35. Schultes S, De Graaf C, Haaksma EE, De Esch IJ, Leurs R, et al. (2010) Ligand efficiency as a guide in

fragment hit selection and optimization. Drug Discov Today: Technologies 7: e157–e162.

36. Aboukameel A, Muqbil I, Senapedis W, Baloglu E, Landesman Y, et al. (2017) Novel p21-Activated

Kinase 4 (PAK4) Allosteric Modulators Overcome Drug Resistance and Stemness in Pancreatic Ductal

Adenocarcinoma. Mol Cancer Ther 16: 76–87. https://doi.org/10.1158/1535-7163.MCT-16-0205

PMID: 28062705

37. Johnson CW, Reid D, Parker JA, Salter S, Knihtila R, et al. (2017) The small GTPases K-Ras, N-Ras

and H-Ras have distinct biochemical properties determined by allosteric effects. J Biol Chem.

38. Monod J, Wyman J, Changeux JP (1965) On the Nature of Allosteric Transitions: A Plausible Model. J

Mol Biol 12: 88–118. PMID: 14343300

39. Changeux JP, Christopoulos A (2016) Allosteric Modulation as a Unifying Mechanism for Receptor

Function and Regulation. Cell 166: 1084–1102. https://doi.org/10.1016/j.cell.2016.08.015 PMID:

27565340

40. Hart KM, Moeder KE, Ho CMW, Zimmerman MI, Frederick TE, et al. (2017) Designing small molecules

to target cryptic pockets yields both positive and negative allosteric modulators. PLoS One 12:

e0178678. https://doi.org/10.1371/journal.pone.0178678 PMID: 28570708

41. Wallden K, Nordlund P (2011) Structural Basis for the Allosteric Regulation and Substrate Recognition

of Human Cytosolic 5’-Nucleotidase II. J Mol Biol 408: 684–696. https://doi.org/10.1016/j.jmb.2011.02.

059 PMID: 21396942

42. Spychala J, Madrid-Marina V, Fox IH (1988) High Km soluble 5’-nucleotidase from human placenta.

Properties and allosteric regulation by IMP and ATP. J Biol Chem 263: 18759–18765. PMID: 2848805

43. Fine-Shamir N, Beig A, Zur M, Lindley D, Miller JM, et al. (2017) Toward Successful Cyclodextrin Based

Solubility-Enabling Formulations for Oral Delivery of Lipophilic Drugs: Solubility-Permeability Trade-Off,

Biorelevant Dissolution, and the Unstirred Water Layer. Mol Pharm 14: 2138–2146. https://doi.org/10.

1021/acs.molpharmaceut.7b00275 PMID: 28505451

44. Chen Y, Huang Y, Qin D, Liu W, Song C, et al. (2016) beta-Cyclodextrin-Based Inclusion Complexation

Bridged Biodegradable Self-Assembly Macromolecular Micelle for the Delivery of Paclitaxel. PLoS One

11: e0150877. https://doi.org/10.1371/journal.pone.0150877 PMID: 26964047

45. Mazzaferro S, Bouchemal K, Ponchel G (2013) Oral delivery of anticancer drugs I: general consider-

ations. Drug Discov Today 18: 25–34. https://doi.org/10.1016/j.drudis.2012.08.004 PMID: 22951365

46. Bhattarai N, Gunn J, Zhang M (2010) Chitosan-based hydrogels for controlled, localized drug delivery.

Adv Drug Deliv Rev 62: 83–99. https://doi.org/10.1016/j.addr.2009.07.019 PMID: 19799949

47. Rosemeyer H (2005) Nucleolipids: natural occurrence, synthesis, molecular recognition, and supramo-

lecular assemblies as potential precursors of life and bioorganic materials. Chem Biodivers 2: 977–

1063. https://doi.org/10.1002/cbdv.200590082 PMID: 17193189

48. Simeone L, Irace C, Di Pascale A, Ciccarelli D, D’Errico G, et al. (2012) Synthesis, self-aggregation and

bioactivity properties of a cationic aminoacyl surfactant, based on a new class of highly functionalized

nucleolipids. Eur J Med Chem 57: 429–440. https://doi.org/10.1016/j.ejmech.2012.06.044 PMID:

22818038

49. Pommier Y, Cherfils J (2005) Interfacial inhibition of macromolecular interactions: nature’s paradigm for

drug discovery. Trends Pharmacol Sci 26: 138–145. https://doi.org/10.1016/j.tips.2005.01.008 PMID:

15749159

Allosteric CD73 inhibitors

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005943 January 29, 2018 22 / 23

https://doi.org/10.1080/19420862.2016.1143182
http://www.ncbi.nlm.nih.gov/pubmed/26854859
https://doi.org/10.1016/j.str.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23142347
https://doi.org/10.1002/cbic.201200426
https://doi.org/10.1002/cbic.201200426
http://www.ncbi.nlm.nih.gov/pubmed/22997138
https://doi.org/10.1021/jm100574m
http://www.ncbi.nlm.nih.gov/pubmed/20684613
https://doi.org/10.1038/nrd1467
http://www.ncbi.nlm.nih.gov/pubmed/15286733
https://doi.org/10.1016/S1359-6446(04)03069-7
http://www.ncbi.nlm.nih.gov/pubmed/15109945
https://doi.org/10.1158/1535-7163.MCT-16-0205
http://www.ncbi.nlm.nih.gov/pubmed/28062705
http://www.ncbi.nlm.nih.gov/pubmed/14343300
https://doi.org/10.1016/j.cell.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/27565340
https://doi.org/10.1371/journal.pone.0178678
http://www.ncbi.nlm.nih.gov/pubmed/28570708
https://doi.org/10.1016/j.jmb.2011.02.059
https://doi.org/10.1016/j.jmb.2011.02.059
http://www.ncbi.nlm.nih.gov/pubmed/21396942
http://www.ncbi.nlm.nih.gov/pubmed/2848805
https://doi.org/10.1021/acs.molpharmaceut.7b00275
https://doi.org/10.1021/acs.molpharmaceut.7b00275
http://www.ncbi.nlm.nih.gov/pubmed/28505451
https://doi.org/10.1371/journal.pone.0150877
http://www.ncbi.nlm.nih.gov/pubmed/26964047
https://doi.org/10.1016/j.drudis.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/22951365
https://doi.org/10.1016/j.addr.2009.07.019
http://www.ncbi.nlm.nih.gov/pubmed/19799949
https://doi.org/10.1002/cbdv.200590082
http://www.ncbi.nlm.nih.gov/pubmed/17193189
https://doi.org/10.1016/j.ejmech.2012.06.044
http://www.ncbi.nlm.nih.gov/pubmed/22818038
https://doi.org/10.1016/j.tips.2005.01.008
http://www.ncbi.nlm.nih.gov/pubmed/15749159
https://doi.org/10.1371/journal.pcbi.1005943


50. Baqi Y, Lee SY, Iqbal J, Ripphausen P, Lehr A, et al. (2010) Development of potent and selective inhibi-

tors of ecto-5’-nucleotidase based on an anthraquinone scaffold. J Med Chem 53: 2076–2086. https://

doi.org/10.1021/jm901851t PMID: 20146483

51. Ripphausen P, Freundlieb M, Brunschweiger A, Zimmermann H, Muller CE, et al. (2012) Virtual screen-

ing identifies novel sulfonamide inhibitors of ecto-5’-nucleotidase. J Med Chem 55: 6576–6581. https://

doi.org/10.1021/jm300658n PMID: 22731815

52. Iqbal J, Saeed A, Raza R, Matin A, Hameed A, et al. (2013) Identification of sulfonic acids as efficient

ecto-5’-nucleotidase inhibitors. Eur J Med Chem 70: 685–691. https://doi.org/10.1016/j.ejmech.2013.

10.053 PMID: 24215819

53. Al-Rashida M, Iqbal J (2014) Therapeutic potentials of ecto-nucleoside triphosphate diphosphohydro-

lase, ecto-nucleotide pyrophosphatase/phosphodiesterase, ecto-5’-nucleotidase, and alkaline phos-

phatase inhibitors. Med Res Rev 34: 703–743. https://doi.org/10.1002/med.21302 PMID: 24115166

54. Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, et al. (2005) Scalable molecular dynamics

with NAMD. J Comput Chem 26: 1781–1802. https://doi.org/10.1002/jcc.20289 PMID: 16222654

55. Martyna GJ, Tobias DJ, Klein ML (1994) Constant pressure molecular dynamics algorithms. J Chem

Phys 101: 4177–4189.

56. Feller SE, Zhang Y, Pastor RW, Brooks BR (1995) Constant pressure molecular dynamics simulation-

the langevin piston method. J Comput Chem 103: 4613–4621.

57. Zhu X, Lopes PE, Mackerell AD Jr. (2012) Recent Developments and Applications of the CHARMM

force fields. Wiley Interdiscip Rev Comput Mol Sci 2: 167–185. https://doi.org/10.1002/wcms.74 PMID:

23066428

58. Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, et al. (1995) A Smooth Particle Mesh Ewald

Method. Journal of Chemical Physics 103: 8577–8593.

59. Schmidtke P, Bidon-Chanal A, Luque FJ, Barril X (2011) MDpocket: open-source cavity detection and

characterization on molecular dynamics trajectories. Bioinformatics 27: 3276–3285. https://doi.org/10.

1093/bioinformatics/btr550 PMID: 21967761

60. Le Guilloux V, Schmidtke P, Tuffery P (2009) Fpocket: an open source platform for ligand pocket detec-

tion. BMC Bioinformatics 10: 168. https://doi.org/10.1186/1471-2105-10-168 PMID: 19486540

61. Wiederstein M, Sippl MJ (2007) ProSA-web: interactive web service for the recognition of errors in

three-dimensional structures of proteins. Nucleic acids research 35: W407–410. https://doi.org/10.

1093/nar/gkm290 PMID: 17517781

62. Lovell SC, Davis IW, Arendall WB, 3rd, de Bakker PI, Word JM, et al. (2003) Structure validation by Cal-

pha geometry: phi,psi and Cbeta deviation. Proteins 50: 437–450. https://doi.org/10.1002/prot.10286

PMID: 12557186

63. O’Boyle NM, Banck M, James CA, Morley C, Vandermeersch T, et al. (2011) Open Babel: An open

chemical toolbox. J Cheminform 3: 33. https://doi.org/10.1186/1758-2946-3-33 PMID: 21982300

64. Zhang X, Wong SE, Lightstone FC (2013) Message passing interface and multithreading hybrid for par-

allel molecular docking of large databases on petascale high performance computing machines. J Com-

put Chem 34: 915–927. https://doi.org/10.1002/jcc.23214 PMID: 23345155

65. Trott O, Olson AJ (2010) AutoDock Vina: improving the speed and accuracy of docking with a new scor-

ing function, efficient optimization, and multithreading. J Comput Chem 31: 455–461. https://doi.org/10.

1002/jcc.21334 PMID: 19499576

66. Jones G, Willett P, Glen RC, Leach AR, Taylor R (1997) Development and validation of a genetic algo-

rithm for flexible docking. J Mol Biol 267: 727–748. https://doi.org/10.1006/jmbi.1996.0897 PMID:

9126849

67. Humphrey W, Dalke A, Schulten K (1996) VMD: visual molecular dynamics. J Mol Graph 14: 33–38,

27–38. PMID: 8744570

68. Shultz MD (2013) Setting expectations in molecular optimizations: Strengths and limitations of com-

monly used composite parameters. Bioorg Med Chem Lett 23: 5980–5991. https://doi.org/10.1016/j.

bmcl.2013.08.029 PMID: 24018190

69. Abad-Zapatero C, Metz JT (2005) Ligand efficiency indices as guideposts for drug discovery. Drug Dis-

cov Today 10: 464–469. https://doi.org/10.1016/S1359-6446(05)03386-6 PMID: 15809192

70. Swaroop A, Hogan BL, Francke U (1988) Molecular analysis of the cDNA for human SPARC/osteonec-

tin/BM-40: sequence, expression, and localization of the gene to chromosome 5q31-q33. Genomics 2:

37–47. PMID: 2838412

Allosteric CD73 inhibitors

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1005943 January 29, 2018 23 / 23

https://doi.org/10.1021/jm901851t
https://doi.org/10.1021/jm901851t
http://www.ncbi.nlm.nih.gov/pubmed/20146483
https://doi.org/10.1021/jm300658n
https://doi.org/10.1021/jm300658n
http://www.ncbi.nlm.nih.gov/pubmed/22731815
https://doi.org/10.1016/j.ejmech.2013.10.053
https://doi.org/10.1016/j.ejmech.2013.10.053
http://www.ncbi.nlm.nih.gov/pubmed/24215819
https://doi.org/10.1002/med.21302
http://www.ncbi.nlm.nih.gov/pubmed/24115166
https://doi.org/10.1002/jcc.20289
http://www.ncbi.nlm.nih.gov/pubmed/16222654
https://doi.org/10.1002/wcms.74
http://www.ncbi.nlm.nih.gov/pubmed/23066428
https://doi.org/10.1093/bioinformatics/btr550
https://doi.org/10.1093/bioinformatics/btr550
http://www.ncbi.nlm.nih.gov/pubmed/21967761
https://doi.org/10.1186/1471-2105-10-168
http://www.ncbi.nlm.nih.gov/pubmed/19486540
https://doi.org/10.1093/nar/gkm290
https://doi.org/10.1093/nar/gkm290
http://www.ncbi.nlm.nih.gov/pubmed/17517781
https://doi.org/10.1002/prot.10286
http://www.ncbi.nlm.nih.gov/pubmed/12557186
https://doi.org/10.1186/1758-2946-3-33
http://www.ncbi.nlm.nih.gov/pubmed/21982300
https://doi.org/10.1002/jcc.23214
http://www.ncbi.nlm.nih.gov/pubmed/23345155
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1006/jmbi.1996.0897
http://www.ncbi.nlm.nih.gov/pubmed/9126849
http://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1016/j.bmcl.2013.08.029
https://doi.org/10.1016/j.bmcl.2013.08.029
http://www.ncbi.nlm.nih.gov/pubmed/24018190
https://doi.org/10.1016/S1359-6446(05)03386-6
http://www.ncbi.nlm.nih.gov/pubmed/15809192
http://www.ncbi.nlm.nih.gov/pubmed/2838412
https://doi.org/10.1371/journal.pcbi.1005943

